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Phosphoinositides are essential lipid regulators of trafficking and
signaling pathways of all eukaryotic cells. Phosphatidylinositol 4-
phosphate (PtdIns4P) is an intermediate in the synthesis of several
important phosphoinositide species but also serves as a regulatory
molecule in its own right. Phosphatidylinositol 4-kinases are most
abundant in the Golgi but are also found in the plasma membrane
and in endocytic compartments. To investigate the role of Golgi
PtdIns4P in orchestrating trafficking events, we used a unique
drug-inducible molecular approach to rapidly deplete PtdIns4P
from Golgi membranes by a recruitable Sac1 phosphatase enzyme.
The utility of the system was shown by the rapid loss of Golgi
localization of PH domains known to bind PtdIns4P after Sac1 re-
cruitment to the Golgi. Acute PtdIns4P depletion prevented the
exit of cargo from the Golgi destined to both the plasma mem-
brane and the late endosomes and led to the loss of some but not
all clathrin adaptors from the Golgi membrane. Rapid PtdIns4P
depletion in the Golgi also impaired but did not eliminate the re-
plenishmentof theplasmamembranePtdIns(4,5)P2duringphospho-
lipase C activation revealing a hitherto unrecognized contribution
of Golgi PtdIns4P to this process. This unique approach will allow
further studies on the role of phosphoinositides in endocytic com-
partments that have evaded detection using the conventional long-
term manipulations of inositide kinase and phosphatase activities.
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Phosphoinositides (PIs) are best known as substrates of phos-
pholipase C (PLC) enzymes during activation of cell surface

receptors yielding the second messengers inositol 1,4,5-
trisphosphate (InsP3) and diacylglycerol (DAG) (1). However,
PIs also function as membrane-delimited docking sites to recruit
and regulate a variety of signaling proteins, including kinases, ion
channels, nucleotide exchange factors, and GTPase activating
proteins as well as several actin binding proteins (2–4). PtdIns 4-
kinases (PI4Ks) and their lipid product, PtdIns4P, represent the
first committed step in the synthesis of multiphosphorylated PIs,
most notably PtdIns(4,5)P2. Because of this role, PI4Ks were
expected to function primarily in the plasma membrane. Sur-
prisingly, all four isoforms of PI4K have been localized (at least
partially) to the Golgi, and a significant fraction of cellular
PtdIns4P is also found to be Golgi associated (5, 6).
Yeast studies have clarified nonredundant and essential roles of

type III PI4Ks, namely the importance of Pik1p in Golgi to plasma
membrane secretion (7, 8) and that of Stt4p in the maintenance of
the plasma membrane PtdIns4P and PtdIns(4,5)P2 pools (9, 10).
Golgi PtdIns4P is responsible for the recruitment of clathrin adap-
tors such asAP-1 (11) or theGolgi-localized, gamma-ear-containing,
Arf-binding family of proteins (GGAs) (12, 13) in mammalian cells
and critical for lipid transport (14) as well as delivery of cargos from
the Golgi to the cell surface (15, 16). These conclusions were mostly
based on expression of kinase-dead mutant forms or on RNAi-
mediated silencing of the various PI4Ks in mammalian cells. How-

ever, these are long procedures and it is hard to know whether the
phenotypic changesaredirectly linked toPtdIns4Pordue tocomplex
trafficking or signaling defects developing during this time. More-
over, eliminating any one of the four PI4Ks could leave significant
amounts of PtdIns4P formed by the remaining PI4Ks. To overcome
these problems, we have been working toward a system by which
PtdIns4P can be rapidly and completely eliminated from specific
compartments within a cell. This system is based on the rapamycin-
inducible heterodimerization of the FKBP12 protein and the FRB
domain of mTOR (17). Targeting the FRB domain to a specific
membrane compartment allows the rapamycin-induced recruitment
to that compartmentof anyPImodifyingenzyme fusedwithFKBP12
(Fig. 1A). For this the enzymeof interest has to be stripped of its own
localization domains. This principle has been successfully used to
rapidly alter the levels of PtdIns(4,5)P2 in the plasmamembrane (18,
19) and of PtdIns3P in sorting endosomes (20).
In the present study we report on the development of a Golgi

recruiting strategy to acutely alter the levels of PtdIns4P in the
Golgi. Our results demonstrate that Golgi PtdIns4P levels are
acutely critical for cargo delivery to both the plasma membrane
and the late endosomal compartment and that some but not
all GGA adaptors require PtdIns4P for membrane targeting.
This approach also allowed us to address the long-standing
question of how much contribution the Golgi PtdIns4P makes
to the maintenance of the signaling pool of PtdIns(4,5)P2 in the
plasma membrane.

Results
Recruitment of a Cytosolic Sac1 Phosphatase to the Golgi Eliminates
Golgi PtdIns4P. To recruit PtdIns4P modifying enzymes to the
Golgi, we used the type I Golgi protein, Tgn38 (21) and fused
FRB and CFP modules to its C terminus. When expressed in
COS-7 cells, this construct showed both a tight Golgi localization
and presence in the Tgn as expected (Fig. 1B). At high expres-
sion levels it also affected the Golgi structure making it very tight
and compact but this could be managed with controlled ex-
pression (see Materials and Methods).
To eliminate PtdIns4P from the Golgi, we used the human

Sac1 phosphatase, which is a key regulator of PtdIns4P both in
yeast (22–24) and mammalian cells (25). Deletion of the short C-
terminal hydrophobic sequence that localizes Sac1 to the ER
rendered the enzyme cytoplasmic. This cytoplasmic Sac1 was
then fused to an mRFP-FKBP12 module with various linkers
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(mRFP-FKBP12-cytoSac1 or recruitable Sac1 for short). Ex-
pression of this enzyme alone in the cytosol yielded large vesi-
cles, suggesting that the enzyme was active also against PtdIns3P.
This was not unexpected as the substrate specificity of Sac1 is
poor (22), mainly determined by its localization. Despite its
limited specificity, the human Sac1 construct was still suitable
when its expression level was kept at moderate levels.
The effects of the recruitable Sac1 were followed with GFP-

fused PH domains whose Golgi localization is known to depend
on PtdIns4P (26, 27). Because many of these PH domains
(OSBP, FAPP1, OSH1, or CERT) distort the Golgi structure
due to their PtdIns4P binding and sequestration of protein bind-
ing partners such as Arf1, we replaced the CMV promoter with
a thymidine kinase (TK) promoter in some cases. With these
modifications it was possible to fine-tune the expression of the
recruiter, the enzyme, and the reporter so that enough cells could
be analyzed with intact Golgi morphology (see Materials and
Methods) (Fig. 1C). Addition of rapamycin to such selected cells
caused a rapid translocation of the recruitable Sac1 from the cy-
tosol to the Golgi and caused a parallel dissociation of the
PtdIns4P reporters from the same sites, which took place within 5–
8 min in most cases (Fig. 1C). This was true for all of the PtdIns4P
reporters tested although there was a small residual localization
found with the FAPP1 PH domain consistent with its strong Arf1
binding (27) (Fig. S1). Recruitment of the mRFP-FKBP12 con-

struct not containing the Sac1 domain failed to elicit any such
response (Fig. S1).

Functional Relevance of PtdIns4P in Vesicular Trafficking. Next we
assessed to what extent PtdIns4P determines the rate of vesicular
trafficking out of the Golgi compartments. The temperature-
sensitive trafficking of vesicular stomatitis virus (VSV)g is widely
used to follow the transport of vesicular cargo from the ER to
the plasma membrane. However, large cell-to-cell variation in
the VSVg-GFP trafficking responses after the temperature
switch prevented a reliable quantitative comparison of this pro-
cess between cells with or without Golgi PtdIns4P depletion.
Therefore, we generated a VSVg fusion construct with a photo-
activable GFP and used a protocol allowing the transport and
accumulation of VSVg in the Golgi (see Materials and Methods
for details). Cells were then released from the Golgi block at the
microscope stage and the Golgi area was immediately photo-
activated. The fluorescence intensity decrease in the photo-
activated area was used as a measure of VSVg leaving the Golgi.
As shown in Fig. 2, when this protocol was used in cells where
the Sac1 phosphatase was recruited to the Golgi (5–10 min was
allowed after rapamycin to find the cell to be followed), only a
negligible decrease in the fluorescent intensity over the photo-
activated area was observed during a 50-min period. This con-
trasted with the substantial drop in fluorescence in the cells where
the FKBP-only construct was recruited to the Golgi. These
experiments suggested that VSVg trafficking from the Golgi rap-
idly declines after removal of PtdIns4P from theGolgi membrane.
Next we studied the effect of PtdIns4P depletion on the traf-

ficking of the cation independent mannose 6-phosphate receptor
(CI-M6PR), which shuttles between the Golgi and the multi-
vesicular body (MVB) to deliver acid hydrolases to the lysosome
(28). For this, we also tagged the CI-M6PR with a photoactivable
GFP. This construct expressed at a higher level than the VSVg
reporter (in the combined transfection regime) allowing a better
resolution of the vesicular outflow from the photoactivated Golgi
area (Fig. 3). A complex morphometric analysis showed that the
vesicular budding of M6PR positive vesicles was essentially shut
down in the cells where the Sac1 phosphatase was acutely
recruited to the Golgi (Fig. 3). A slight decrease in the number of
fluorescent vesicles appearing outside the Golgi was also seen in
cells where the FKBP-only construct was recruited to the Golgi
compared to control cells that only expressed the photoactivable
M6PR (Fig. 3). This was attributed to the expression of the Tgn38-
FRB-CFP recruiter, which is expected to slightly alter Golgi
function even at the expression level in the chosen cells. Never-
theless, these data suggested that the vesicular trafficking path-
ways linking the Golgi to the late endosomal/MVB compartment
also required the presence of PtdIns4P in the Golgi membranes.

The Importance of PtdIns4P in the Recruitment of Clathrin Adaptors
and Arf1 to the Golgi Membrane. Next we evaluated the contribu-
tion of PtdIns4P to the Golgi localization of the small GTP
binding protein, Arf1, as well as several clathrin adaptor proteins.
Arf1 is a key regulator of the association of coat proteins with
buddingmembranes and was also shown to recruit PI4KIIIβ to the
Golgi and stimulate its activity (16). Fig. 4A shows that acute
PtdIns4P depletion was without effect on the steady-state level of
Arf1-GFP associated with the Golgi. We also tested whether
PtdIns4P elimination influenced the rate of Arf1 dissociation
from the Golgi (after BFA treatment) or the rate of recovery after
photobleaching (FRAP). However, the expression level of Arf1-
GFP impacted these dynamic parameters more than the presence
or absence of PtdIns4P, indicating that PtdIns4P may not be
a major factor in Arf1 regulation. Nevertheless, we cannot rule
out that PtdIns4P or PtdIns(4,5)P2 affects Arf-GAP or Arf-GEF
activities as suggested by in vitro studies (29, 30).
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Fig. 1. Rapamycin-induced elimination of PtdIns4P from Golgi membranes.
(A) Principle of rapamycin-induced modification of membrane lipid com-
position. (B) Distribution of the Tgn38-FRB-CFP and cytosolic mRFP-FKBP-
fused Sac1 phosphatase expressed in COS-7 cells. (C) Recruitment of the
cytosolic Sac1 phosphatase to the Golgi decreases the localization of the
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The effect of PtdIns4P removal on the Golgi localization of
clathrin was examined by using the GFP-tagged clathrin light
chain, which showed its characteristic localization both in the
Golgi and the plasma membrane (Fig. 4B). Recruitment of the
Sac1 phosphatase rapidly decreased the Golgi-associated fraction
of clathrin with no effects on the PM-associated puncta (Fig. 4B).
The effects of PtdIns4P removal on the distribution of the mo-
nomeric GGA adaptors were quite prominent but not uniform.
Both GFP-GGA1 and GFP-GGA2 showed rapid dissociation
from the Golgi after rapamycin-induced recruitment of the Sac1
phosphatase, but not of the FKBP-only control construct (Fig. 4
C and D). In contrast, the same manipulation failed to affect the

Golgi localization of GGA3 (Fig. 4E). Note that because of sig-
nificant cytoplasmic intensities of all of these constructs after they
are released from the Golgi, even in the case of complete de-
localization the intensity values do not drop to zero levels but stay
at around 40–50% of the initial intensity values (Fig. 4F). Nev-
ertheless, these findings showed that some but not all of the
clathrin adaptors use PtdIns4P in the Golgi in a similar manner as
they use PtdIns(4,5)P2 in the plasma membrane (31, 32).

Golgi PtdIns4P Contributes to the Maintenance of Plasma Membrane
PtdIns(4,5)P2 Pools. Lastly, we wanted to determine whether the
Golgi pool of PtdIns4P has any role in the maintenance of the
PtdIns(4,5)P2 levels in the plasma membrane. Plasma membrane
PtdIns(4,5)P2 is rapidly exhausted during PLC activation without
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Fig. 3. The effect of PtdIns4P elimination on mannose 6-phosphate re-
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fused to photoactivable-GFP (A Left) either alone or together with the Golgi-
targeted Tgn38-FRB (nonfluorescent) and the cytosolic mRFP-FKBP-only (A
Middle) or the cytosolic mRFP-FKBP-Sac1 phosphatase (A Right). The next
day the mounted live cells were preincubated for 10 min with rapamycin
(100 nM) and the Golgi region of cells that showed recruitment was pho-
toactivated. Time-lapse images were followed for 5 min with GFP excitation.
(A) Representative images of each group of cells at the indicated time points.
(B) Combined result of morphometric analysis of the recordings using Met-
aMorph software. The graphs show the number of objects around the Golgi
that are above an arbitrary threshold normalized to the value found right
after photoactivation (at 0 min). The graph illustrates the first 2.5 min of the
recordings. (Means ± SEM of 12, 12, and 21 cells for the black, gray, and
open symbol traces, respectively.)
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Cells were kept at 39.5 °C overnight and shifted to 20 °C the next day for 1 h.
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were then mounted on the microscope’s heated stage (35 °C) and treated
immediately with rapamycin to induce recruitment of the cytosolic con-
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a steady supply generated via PtdIns4P from the larger PtdIns
pools. According to classical views, PtdIns4P is produced in the
plasma membrane from PtdIns, which is transported there from
the ER by PI-transfer proteins (PITPs) (33, 34) (Fig. 5A).
However, the high abundance of PtdIns4P and the PI4K en-
zymes in the Golgi and the prominent role of PITPs in the same
compartment (33, 34) also raised the possibility that the plasma
membrane receives its PtdIns4P content through vesicular traf-
ficking from the Golgi and perhaps from recycling endocytic
vesicles (as none of the known PITPs would transfer PtdIns4P).
Rapid selective depletion of the Golgi PtdIns4P pool seemed
like an appropriate system to address these questions. We used
HEK-293 cells stably transfected with the AT1a receptor be-
cause these cells show large angiotensin II (AngII)-induced
changes in PtdIns(4,5)P2 levels in the plasma membrane (35).
PtdIns(4,5)P2 was monitored with the PLCδ1PH-GFP construct
and for simplicity we followed the cytoplasmic fluorescence as
a measure of translocation of the reporter from the membrane to
the cytosol, indicating the falling PtdIns(4,5)P2 in the membrane.
Ang II stimulation induced a rapid decrease in PtdIns(4,5)P2

levels in the plasma membrane, which started to return to levels
slightly below prestimulatory values after a few minutes (Fig.
5B). When cells were also transfected with the recruitable Sac1
and the Tgn38-FRB-CFP constructs and rapamycin was applied
10 min before stimulation with AngII, a clear difference was
observed in the kinetics of PtdIns(4,5)P2 changes between the
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cells that showed visible Golgi recruitment of the Sac1 enzyme
compared to those without recruitment (Fig. 5B, lower panel).
The PtdIns(4,5)P2 levels recovered significantly slower in cells
where the Golgi PtdIns4P was eliminated but there was still
a significant PtdIns(4,5)P2 synthesis taking place in those cells. No
difference was observed, however, when the FKBP-only construct
was recruited to the Golgi membrane (Fig. 5B, upper curves).
These data have collectively shown that Golgi PtdIns4P makes
a sizeable contribution to the plasma membrane supply of
PtdIns4P but it is dispensable in themaintenance of PtdIns(4,5)P2.

Discussion
The significance of PtdIns4P regulation of Golgi function was
realized about 10 years ago in yeast using temperature-sensitive
alleles of PI4Ks (7, 8). More difficult is to study the roles of
PtdIns4P in various Golgi functions in mammalian cells. Most
manipulations of PI4Ks or their lipid products, other than by the
use of inhibitors, (knockdown of enzymes, overexpression of
active or dominant negative enzymes, or PtdIns4P binding pro-
tein domains) require several hours (at least 6–12 h) to develop.
During this period, cells will adapt to the new situation and the
changes observed are often secondary to PtdIns4P manipu-
lations. Unfortunately, specific PI4K inhibitors have not been
developed as of today and many studies relied upon PI3K
inhibitors that also inhibit the type III PI4Ks at higher concen-
trations (36) or very nonspecific drugs like PAO (37). Moreover,
no inhibitors exist for the type II PI4Ks, enzymes that show
significant presence in Golgi/Tgn (11). Because of these diffi-
culties, we felt the need to adapt the drug-induced hetero-
dimerization system to alter PIs (19) to address the role of Golgi
PtdIns4P in cell regulation. Using the Sac1 phosphatase stripped
of its ER localization signal and the Tgn38 molecule as a scaffold
to serve as a Golgi/Tgn recruiter we were able to acutely elimi-
nate PtdIns4P from Golgi membranes. An advantage of this
method is that it can detect an acute change in a matter of
seconds to minutes in single cells. At the same time, it requires
analysis of many individual cells that express the constructs in the
right proportion, making it unsuitable at this point for cell
population or longer-term studies.
Vesicular budding from the Golgi membrane requires the

assembly and disassembly of several proteins working together.
A common feature of these processes is their regulation by the
small GTP binding protein, Arf1 (38) and in some cases PIs (6).
Moreover, in vitro evidence suggests that PIs can regulate the
activation state of Arf1 (29). Arf1 not only regulates the re-
cruitment of clathrin adaptors such as the GGAs and other coat
proteins to the Golgi membrane but also helps recruit and ac-
tivate PI4KIIIβ (16) and hence facilitates PtdIns4P production.
PtdIns4P works together with Arf1 in the recruitment (and most
likely also in inducing a conformational change) of several
PH domain-containing proteins to the Golgi/Tgn membrane.
This dual signal requirement—also referred to as coincidence
detection—is a hallmark of many phosphoinositide-recognizing
domains and -regulatory paradigms (39). The present studies
allowed analysis of the PtdIns4P requirement of several of these
steps yielding clear conclusions. The results showed that clathrin
recruitment to the Golgi membrane requires PtdIns4P as does
GGA1 and -2 but not GGA3. They also indicated that sub-
stantial differences could exist in the PI regulation of proteins
that are structurally highly related. Elimination of PtdIns4P very
rapidly terminated the formation of transport vesicles from the
Golgi. This was true for the transports of both VSVg and the CI-
M6PR. These results unequivocally show that PtdIns4P is crucial
for vesicular budding from the Golgi also in mammalian cells.
Previous studies using knockdown of individual PI4K enzymes
achieved only a partial PtdIns4P depletion allowing the cells to
survive (because there are multiple forms of PI4Ks in the Golgi).

Importantly, these studies provided clear evidence that al-
though Golgi PtdIns4P does contribute to the maintenance of
plasma membrane PtdIns(4,5)P2 pools to some extent, it is not
essential for this process. Even though classical views placed
PtdIns4P generation to the plasma membrane from a larger pool
of PtdIns, delivered from the ER by the PITP proteins (33),
Golgi involvement has been a recurring question ever since the
type III PI4Ks, found primarily in the Golgi and ER membranes
(5), were identified as the important enzymes to synthesize
PtdIns4P the precursor of PtdIns(4,5)P2 (36, 40). It is noteworthy
that the PtdIns(4,5)P2 decrease was larger and the resynthesis
occurred more rapidly in cells expressing the recruitable Sac1
than in those expressing the FKBP-only even without rapamycin
addition (compare black traces in Fig. 5B Upper and Lower). This
may be due to the partial depletion of the plasma membrane
pool of PtdIns4P by the cytosolic Sac1 as the enzyme clearly
showed significant activity against its substrates even before re-
cruitment. This shows the ability of cells to cope with sustained
alterations in phosphoinositide balance and the importance of
appropriate controls and the need to compare cells before and
after rapamycin addition as has been done in the present study.
In summary, the present studies described the functional con-

sequences of rapid and selective manipulations of PtdIns4P from
Golgi membranes by enzymatic means in intact living cells. The
results clearly show a direct regulation by PtdIns4P of the re-
cruitment of clathrin and several clathrin adaptor proteins to the
Golgi membrane and the essential role of this lipid in the gen-
eration of transport vesicles out of the Golgi compartment. The
present findings also revealed a small but nonessential contribu-
tion of the Golgi PtdIns4P in the maintenance of the PtdIns(4,5)
P2 levels in the plasma membrane during PLC activation. These
data unequivocally place PtdIns4P as the most important regu-
latory phosphoinositide in the center of Golgi function.

Materials and Methods
Materials. Rapamycin was purchased from Calbiochem and angiotensin II (hu-
man)fromPeninsulaLaboratories.Allotherchemicalswereofthehighestpurity
grades. Description of the DNA constructs is listed in SI Materials andMethods.

Transfection of Cells for Confocal Microscopy. COS-7 cells were used for most
confocal microscopy studies. Cells were plated onto 25-mm-diameter circular
glass coverslips at a density of 3 × 105 cells/dish 1 day before transfection with
plasmid DNAs (0.2–1 μg/dish) using the Lipofectamine 2000 reagent (Invi-
trogen) and OPTI-MEM (Invitrogen). One day (16–24 h) after transfection
cells were washed twice with a modified Krebs-Ringer solution, containing
120 mM NaCl, 4.7 mM KCl, 1.2 mM CaCl2, 0.7 mM MgSO4, 10 mM glucose, 10
mM Na-Hepes, pH 7.4 and the coverslip was placed into a metal chamber
that was mounted on a heated stage with the medium (1 mL) kept at 33 °C.
Cells were examined in an inverted microscope under a 60× oil-immersion
objective (LSM 510-META; Carl Zeiss MicroImaging). Cells were selected for
analysis on the basis of the following criteria: the expression of Tgn38-FRB-
CFP was sufficiently high yet it showed no compacting or vesicular frag-
mentation of the Golgi. The mRFP-FKBP12-Sac1 expression has not caused
the development of large vacuoles indicative of PtdIns3P depletion. The
GFP-tagged reporter construct (PH domain, Arf1, GGA, or clathrin) showed
its characteristic distribution and its expression did not distort the Golgi
morphology. To increase the number of cells meeting these criteria, a careful
fine-tuning of the amounts of DNA constructs was necessary that differed
for each individual reporter. Images were processed for final figures in
Adobe Photoshop, and no manipulations other than expanding to the full
dynamic range (linear) were allowed.

Measurements of PLCδ1PH Domain Translocation. HEK-293 cell stably
expressing the rat AT1a angiotensin receptor were transfected with the
PLCδ1PH-GFP construct togetherwith the Tgn38-FRB construct and either one
of the mRFP-FKBP12-only or the mRFP-FKBP12-hSac1 plasmids. After 24 h,
cells were imaged in a Zeiss LSM 510-META confocal microscope at room
temperature. After addition of rapamycin (100 nM) for 10 min, fields with
many cells showing Golgi-localized mRFP were selected and stimulated with
AngII (100) nM. The cytosolic GFP intensity was monitored and in each cell
using ROIs outside the nucleus and plotted against time using the Zeiss
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software. The responses of cells showing Golgi recruitment were averaged
and compared to those in which no recruitment to the Golgi was visible.

VSVg Trafficking and Morphometric Analysis. Cells were transfected with the
photoactivable VSVg and the respective DNA constructs and kept at 39.5 °C
overnight. At this restrictive temperature the VSVg remains in the ER. Next
morning the cells were shifted to 20 °C for 2 h. This temperature change
releases the protein from the ER block and allows it to move to the Golgi.
The Golgi area was immediately photoactivated after placing the cells at the
35 °C microscope stage, which allowed the protein to traffic to the PM. The
intensity of the VSVg fluorescence in the Golgi was then recorded in time.
The sprouting out of the photoactivated M6PR from the Golgi area was
assessed using the integrated morphometric analysis of the Metamorph
software (Molecular Dynamics). Here the sequential time-lapse pictures were
thresholded (using same values in all images within a series) and the number
of objects exceeding the threshold were calculated and plotted against time.

In each case the increase in object number over the one immediately after
photoactivation was calculated and averaged from several experiments as
indicated in the figure legends.
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